Aim: There are marked socioeconomic disparities in pediatric asthma control, but the molecular origins of these disparities are not well understood. To fill this gap, we performed genome-wide expression profiling of monocytes and T-helper cells from pediatric asthma patients of lower and higher socioeconomic status (SES).
eosinophilic. 6, 7 Relative to their advantaged peers, lower-SES children display more pronounced Type 2 cytokine 8, 9 and airway inflammatory 10 responses to asthma triggers. They also show indications of a sustained late-phase response, as reflected in higher circulating eosinophil counts 9 and greater alveolar nitric oxide content. 11 Nevertheless, the molecular underpinnings of this dysregulation remain poorly understood. Here we sought to fill this gap by conducting genome-wide expression profiling on two populations of cells with roles in asthma control: CD14+ monocytes and CD3+/CD4+ T-helper lymphocytes.
Upon inhaled allergen exposure, monocytes are recruited from the blood into the lungs, where they can mature into dendritic cells and airway macrophages. 12 Along with airway epithelia, these cells function as sentinels, 13 which detect allergens, irritants, and pathogens, and steer T-helper lymphocytes to differentiate into distinct functional phenotypes. Based on studies of healthy individuals, 14, 15 we predicted the monocytes of low-SES children would display indications of up-regulated activity, especially in transcriptional pathways that orchestrate antimicrobial and inflammatory responses, like those mediated by AP-1, GATA, NF-κB, and ELK-1.
T-helper lymphocytes are key drivers of the airway pathology that initiates and maintains asthma. Distinct functional phenotypes of these cells propagate effector functions that contribute to allergic sensitization, eosinophil and neutrophil recruitment, as well as downstream inflammation, remodeling, and hypersensitivity of the airways. 16 Based on studies of cytokine production and airway inflammation, 8, 9, 11, 15, 17, 18 we hypothesized that lower-SES children would display transcriptional profiles indicative of up-regulated T-helper lymphocyte activity with a polarization away from Type 1 cytokine profiles and toward Type 2 and/ or Type 17 profiles. We reasoned this would be evident in transcripts and networks that coordinate antigen recognition and cellular differentiation, and mobilize Types 1 and 2 effector functions.
| MATERIALS AND METHODS

| Patients
This cross-sectional analysis focuses on 99 children with asthma from either lower-SES (n = 49) or higher-SES (n = 50) families. They were drawn for a gene-expression sub-study from a larger cohort of 308 patients 19 and represent the poles of that sample's SES distribution.
Patients in the larger cohort were recruited between July 2013 and July 2016 from one health care system, NorthShore University HealthSystem, and one federally qualified health center, Erie Family Health Center, both in Evanston, Illinois. Children in the higher-SES group were in the upper 15% of the larger sample's income distribution.
All had family incomes exceeding $140 000 per year, and none was receiving government assistance. Children in the lower-SES group were in the bottom 15% of the larger sample's income distribution. All had family incomes below <$50 000 per year and/or received government assistance. For the larger project, we screened a total of 494 children, 452 of whom were eligible for participation. Inclusion criteria were (a) ages 8-17, (b) fluency in English, and (c) physician diagnosis of asthma.
Exclusion criteria were other chronic medical or psychiatric illness, and acute respiratory illness within 2 weeks. Of the 452 eligible children, 144 ultimately did not participate, because they either declined to do so following screening (n = 48), revoked consent (n = 3), or never attended an assessment (n = 93). The protocol was approved by the Institutional Review Boards of Northwestern University, NorthShore University HealthSystem, and Erie Family Health Center. All children gave written assent before participating, and a caregiver provided written consent.
| Socioeconomic status
Each child's caregiver was interviewed using items from the MacArthur Sociodemographic Questionnaire, which provides detailed information regarding family income, education, and resources. At that point, total RNA was extracted using PCR-clean and RNAsefree techniques with a commercially available kit (Qiagen RNeasy).
| Gene expression profiling
Before 22 Children also brought their medications to the assessment and reported how many days in the past week they had used each; we coded these agents into categories reflecting short-acting β-agonists (SABA) and inhaled corticosteroids (ICS).
| Statistical analyses
Aside from the three patients with unsatisfactory CD14+ RNA, the dataset was complete and without missing values. Using higher-order bioinformatic analyses, we sought to identify socioeconomic differences in the activity of transcription control pathways and functional genomic categories. Accordingly, our results emphasize findings from these higher-order analyses, and intentionally downplay results for individual transcripts. Briefly, we estimated transcript abundance using default algorithms in Illumina GenomeStudio. After the raw data were quantile-normalized and log2-transformed, linear models were used to quantify the magnitude of differential gene expression between lower-SES and higher-SES groups, while adjusting for covariates. The pool of transcripts showing >1.20-fold differential expression between groups served as input into higher-order bioinformatic analyses, which maintain their own false discovery rates. Defining differential gene expression by point estimates of biological magnitude (ie, fold thresholds) yields more replicable higherorder findings than does screening input based on P-/q-values.
23,24
First, to identify common functional characteristics of differentially expressed genes, we conducted Gene Ontology analyses using GOstat (http://gostat.wehi.edu.au). This statistical tool identifies sets of functional related transcripts using Benjamin-corrected P-values to protect against false discoveries. Second, we used the Transcription Element Listening System (TELIS; http://www.telis.ucla.edu) to identify upstream transcription control pathways contributing to patterns of differential gene expression. TELiS identifies these pathways based on asymmetries in the prevalence of transcription factor-binding motifs in the promoters of differentially expressed genes. 25 Standard errors for bioinformatic results were derived from bootstrap resampling of residual vectors from the linear models, which controls for the inter-correlation amongst transcripts.
3 | RESULTS Table 1 describes the sample. As explained in Methods, the patients were selected from a larger cohort to be from the lower or higher ends of the SES distribution, and accordingly the groups differed markedly on family income and government assistance. The bulk of children in the lower-SES group identified as racial or ethnic minorities, whereas most of those in the higher-SES group did not (65% vs 6% as AfricanAmericans). On average, the lower-SES children had higher body mass index than the higher-SES children (means of 24.9 vs 21.0), and reported marginally less frequent SABA use (2.4 vs 1.5 days in past week). The groups were similar with regard to age, gender, atopy, ICS use, and asthma severity. Nevertheless, to minimize confounding, all these variables were included as covariates in transcriptional analyses below.
| Quality of life
Mirroring the broader literature, lower-SES children had worse asthma-related quality of life compared with higher-SES children (see Figure 1) . On caregiver reports, these SES disparities were apparent for the scale's total score, and subscales reflecting activity limitations, emotional functioning, and symptom burden (all P-values <0.001). Children's reports showed the same pattern, with significant SES disparities on all dimensions (P-values <0.02) except symptom burden, where the difference was marginal (P = 0.08).
| CD14+ gene expression
Linear-model analyses with control for covariates identified 49 monocyte transcripts showing a >1.20-fold difference in expression according to SES (Table 2) . Thirty-three of these transcripts showed a relative up-regulation among lower-SES children. Gene Ontology categories that were over-represented among these transcripts included chemokine activity (GO: 0008009; P = 0.0003; three hits including CCL2, CCL4L1, LOC728830) and wound healing Bioinformatic analyses of response element prevalence implied a role for the transcription factors AP-1 and ELK-1 in orchestrating these differences. These patterns mirror earlier transcriptional studies in healthy adults, which showed higher anti-microbial and proinflammatory activity in monocytes of lower-SES individuals.
14,15
The current study supports AP-1 and ELK-1 as the primary transcriptional drivers of such effects in children with asthma, whereas earlier studies of healthy populations indicated a more prominent contribution from NF-κB. To clarify the basis of these differences, a follow-up study comparing healthy and asthmatic youth is needed. In the meantime, the findings here suggest that lower-SES youth may experience worse asthma outcomes partly because of increased monocyte trafficking to the airways and more aggressive clearance of antigens, both of which would presumably amplify downstream In addition to SES group, the models also include the following covariates: age, sex, body mass index, asthma severity, and frequency of ICS and SABA use in past week.
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What mechanisms might underlie the transcriptional disparities between lower-and higher-SES children? There are profound socioeconomic gradients in children's exposure to psychological stressors, as well as irritants, pollutants, allergens, and pathogens that can trigger asthma exacerbations. 7 Our study was not designed to elucidate the relative importance of these exposures in mediating transcriptional disparities. Nevertheless, we did not observe bioinformatic indications of group differences in the activity of transcriptional regimes that convey catecholamine and glucocorticoid signals to the leukocyte genome (for glucocorticoid response elements and CREB response elements, p's ranged from 0.07-0.85). These findings suggest that stress hormones were not critical mediators of the differences observed here. Though based on earlier research, it seems likely that stress-related differences in these hormones' genomic effects come into play once cells have been activated by asthma triggers. 5, 34 Lower-SES youth could also have different exposures related to lifestyle factors such as adiposity, smoking, or alcohol use, though we believe those are unlikely to explain the differences here. Only three children reported use of cigarettes and alcohol in the past year, and our models included body mass index as a covariate. Diet could play a role mediating SES differences, and it should be assessed in future research. Generally speaking, the literature suggests that both "social"
and "physical" pollutants contribute to socioeconomic disparities in asthma outcomes, and do so through independent and synergistic pathways. [35] [36] [37] When interpreting this study's findings, several limitations should be considered. First, the cross-sectional, extreme-groups design cannot provide inferences about causality. Although our models were adjusted for likely confounders, other factors could plausibly have inflated the associations (eg, genetic variations that cluster within families, and contribute to both parental income and children's health).
That being said, experimental studies in animals show that causal effects of SES are biologically plausible; for instance, rodents exposed to early stressors involving deprivation subsequently display heightened susceptibility to airway inflammation and asthma exacerbations. 38 Second, although we defined the study groups based on family income, they also differed on racial identity, with more AfricanAmericans in the lower-SES category. This bias is not unique to our sample, but a reflection of broader racial differences in wealth in the United States. Nevertheless, by including race as a covariate, we minimized its influence here. Third, without a parallel comparison in healthy children, it remains unclear whether the observed SES In addition to SES group, the models also include the following covariates: age, sex, body mass index, asthma severity, and frequency of ICS and SABA use in past week.
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Despite these limitations, this study serves as a first step towards identifying the molecular origins of socioeconomic disparities in pediatric asthma control. Despite considerable effort, these disparities represent a substantial economic burden and psychosocial challenge for children and their families, and a major contributor to pediatric acute care expenditures. 39 With a deeper understanding of the mechanisms involved, and progress refining multilevel, communitybased approaches to intervention, 7, 40 there are reasons to be optimistic these gaps will begin closing.
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